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In recent years, induction-heating cooker has been disseminated explosively. It is wished to commercialize flexible and disposable food containers that are available for induction heating. In order to develop a good quality food container that is heated moderately, it is necessary to analyze accurately eddy currents induced in a thin metal plate. There are commercial software tools for the eddy current analysis such as the finite element method (FEM) and the boundary element method (BEM). However, it is difficult to analyze the eddy current because the metal plate is too thin. If the plate thickness approaches zero, in case of FEM, the aspect ratio becomes too large or number of meshes becomes too many, and so computational cost becomes high. In case of BEM, the surface integral equations on the upper and lower plate surfaces tend to become the same and the equations become ill conditioned. On these reasons, we cannot expect the accurate analytical results.
In this paper, we formulate the eddy current induced in the metal plate by line integral equations on the basis that the electromagnetic field in metal attenuates rapidly as it gets into metal, and discuss adequacy and effectiveness of the equations.
The magnetic field H o in space and electric field E i in the metal at a calculating point P are given as follows.
· · · · · · · · · · · · · · · (2) where the subscripts o and i denote respectively the values in space and those in the metal, J s and K s are the surface electric and magnetic currents, G o and G i are Green's functions, n is the unit normal directed from the inside to the outside of the metal, H e is the magnetic field produced by the power sources, S is the area of the metal surface, and the subscript p denotes the value at P. If the electromagnetic fields along the plate surface are uniform within the region as wide as the several times of the skin depth, the relation between J s and K s is given analytically from Eq. (2). Employing this relation, considering that the boundary conditions of the magnetic field and magnetic flux density and assuming that the Fig. 1 . Power density given to steel plate plate is thin enough compared with its dimensions, we derive the following line integral equations from Eq. (1).
with the subscripts 1 and 2 denoting the face-to-face surfaces, J l is a loop electric current that circulates along the periphery of the surface element with the area ∆S 0 , ∆L is the integral path along J l , N e is the total number of the surface elements, and C b = e kd/2 − e −kd/2 e kd/2 + e −kd/2 with k = √ jωµ s µ 0 σ. The loop current J l is introduced for J a to satisfy ∇ · J s = 0 automatically. The line integral values in these equations are evaluated with the help of integral formulas.
In order to test validity of the proposed method, we analyze eddy currents in induction heating of a metal container and obtain the power density P given to the steel plate and the impedance change of the heating coil placed below the container by 10 mm. The dimensions of the container is as follows: base is 120 × 120 mm 2 , hight is 15 mm thickness is 0.2 mm. The conductivity of the plate: σ = 7350 S/mm and relative permeability: µ s = 150. The dimensions of the 1 turn heating coil are as follows; inner diameter 50 mm outer diameter 180 mm and height 3 mm. The coil current is 1 AT and its frequency is 20 kHz. The computed results are shown in Fig. 1 and 2. The results by the proposed method (shown by BEM) are almost the same as those by FEM.
It is confirmed that the proposed method can be effectively applied to the eddy current analysis in induction heating of the thin metal plate even if the plate thickness is almost zero. In recent years, induction-heating cookers have been disseminated explosively. It is wished to commercialize flexible and disposable food containers that are available for induction heating. In order to develop a good quality food container that is heated moderately, it is necessary to analyze accurately eddy currents induced in a thin metal plate. The integral equation method is widely used for solving induction-heating problems. If the plate thickness approaches zero, the surface integral equations on the upper and lower plate surfaces tend to become the same and the equations become ill conditioned. In this paper, firstly, we derive line integral equations from the boundary integral equations on the assumption that the electromagnetic fields in metal are attenuated rapidly compared with those along the metal surface. Next, so as to test validity of the line integral equations, we solve the eddy current induced in a thin metal container in induction heating and obtain power density given to the container and impedance characteristics of the heating coil. We compare computed results with those by FEM.
Keywords: boundary element methods, eddy currents, line integral equations, induction heating, thin metal plate, heating coil impedance 1.
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